The goal of this article iis to outline a strategy for assessing chemical-induced dysfunction of learning and memory in laboratory animals. Toward that end, several questions are raised, including if tests of learning and memory should be included in a primary screening effort, wlhat considerations should guide the selection of particular test methods, and experimental designs. Examples are provided demonstrating that tests of learning and memory can be simple and cost-effective, yet still provide meaningful data on the specificity of effects and on the neural mechanisms involved in chemically induced neurotoxicity.
INTRODUCTION
HE PURPOSE OF THIS ARTICLE IS TO ADDRESS three issues concerning chemical-induced T alterations in an animal's (capacity to learn and remember. The first is if toxicant effects on learning and memory should be studied and, if so, the appropriate place for including such studies in a hierarchy of testing. The second issue concerns the selection of testing procedures for assessing toxicant effects. The third concerns how properly designed tests can provide the information necessary to distinguish the effect of a chemical on learning and memory and its effects on the myriad of other factors capable of altering the behavior of organisms.
WHY STUDY LEARNING AND MEMORY
Learning and memory, as processes underlying adaptive behavior, figure prominently in the complex interaction of an orgainism and its environment. Learning and remembering are pervasive cognitive processes, involved in such diverse events as recalling a name, phone number, or NSI-Environmental Sciences, ]Research Triangle Park, North Carolina. Presented at the Symposium: Screening for Neurotoxicity: Principles and Practices, April 28-29, Raleigh, North Carolina.
Although the research described in this article has been supported by the United States Environmental Protection Agency (through contract 68-02-4450 to NSI-Environmental Sciences), it has not been subjected to Agency review and, therefore. does not necessarily reflect the views of the Agency, and no official endorsement should be inferred. Mention of trade names or commercial products does not constitute endorsement or recommendation for use. PEELE appointment with a colleague and acquiring competance in operating an automobile in a safe manner. Chemicals that alter these processes can seriously threaten health and safety and thus require detailed study for defining limits on exposure. To define those limits adequately, and their modifying variables, the range of effects produced by chemicals on the processes of learning and memory must be characterized and the threshold concentrations for producing those effects determined. At present, there is no way to predict these effects from traditional toxicological end points.
If the need for assessing toxicant-induced change in learning and memory is accepted, the level at which those tests are best applied, i.e., in a primary or secondary screen, should be determined. In other words, are those chemicals that adversely affect learning and memory also determined as neurotoxicants by primary screening tests? If the answer is yes, learning and memory tests might be restricted to a second-tier approach (i.e., hazard characterization). Otherwise, steps must be taken to devise rapid tests of learning and memory to be used in a primary screen (i.e., hazard identification). Table 1 contains a list of industrial chemicals, taken from a review by Anger and Johnson,(') reported to induce memory deficits in humans and animals. A careful review of the literature revealed that roughly two thirds of these compounds also alter motor activity in laboratory animals. Unfortunately, there are no data concerning the effects of the remaining one third, even though most have been reported to alter various aspects of motor competence in humans.(') Other compounds, e.g., trimethyltin, obviously have adverse effects on mem0TY(~~J8) and motor activity('9). but simply were not listed as having those effects in the secondary source. Other compounds were reported to alter learning (BHT, effects on motor activity$*o) and tellurium, no reported effects on motor activity), whereas still others were reported to alter avoidance conditioning (e.g., ethanol, ethylene glycol dimethyl ether) and no doubt alter memory processes. Despite the incompleteness of this exercise, we can draw two important conclusions. First, there is little evidence to suggest that compounds that produce learning and memory deficits will fail to alter behavioral measures, such as motor activity. Second, large gaps exist in our current knowledge about the effects of chemicals on learning and memory. It seems prudent, therefore, to withhold judgment of whether or not to include tests of learning and memory in a first-tier or second-tier hierarchy of test until a more complete profile of behavioral effects produced by chemicals is determined.
TEST SELECTION
It is instructive to separate suggested strategies for test selection from actual practices. As shown in Table 2 , based on successfully applied procedures, the World Health Organization(21) has made recommendations concerning the selection of tests. The tests range from relatively simple, one-trial tests, such as passive avoidance conditioning, to the more elaborate tests of learning, such as the repeated acquisition of behavioral chains. An alternative strategy for test selection was suggested by Cabe and Eckerman$33) where tests are classified according to the processes to be examined (Table 3) . Although not necessarily mutually exclusive, both approaches illustrate an important issue, i.e., that learning and memory are not unitary processes.
Learning can be described empirically as changes in behavior brought about by environmental contingencies of reinforcement. Memory, then, can be defined as the persistence of these changes in behavior or the stability of the relationship between behavior and reinforcement contingencies over either a long-term or a short-term basis. Although learning and memory are intimately related, they are by no means indistinguishable, and compounds that alter one may or may not adversely affect the other. Thus, testing almost certainly will require a battery of tests to characterize adequately the effects of a toxicant on learning and memory.
To compare the recommendations of these and other expert committees, we recently conducted a survey of the behavioral toxicology literature to assess the frequency with which various tests of learning and memory have been used during the past 10 years. (34) The goal of the survey was to determine the popularity of various categories of tests within the behavioral toxicology literature and to compare the res8ults to similar data obtained from selected journals representing behavioral pharmacology and neuirobiology. The information extracted in the survey was obtained from over 1, OOO original researclh reports and concerned the types of tests used as well as the types of subjects and treatments. Our survey showed that tests of schedule-controlled behavior and active avoidance were predominant in both toxicology and pharmacology, whereas tests of maze learning and Pavlovian conditioning have been most popular over the past 10 years in neurobiology. In all areas, the rat was the most popular test subject, being used in nearly 70% of all reports. Interestingly, the use of rabbits was almost entirely restricted to neurobiologic studies on the nictitating membrane reflex, accounting for nearly 3546 of all Pavlovian procedures used in neurobiology, yet for less that 5% in toxicology and pharmacology. Overall, no single test of learning and memory has emerged as most popular in the fields of behavioral toxicology, behavioral pharmacology, or neurobiology. Rather, test selection appears to be more related to the types of questions asked in different fields of study. In neurobiology, emphasis is placed on relating simple, well-defined behavioral events, such as the nictitating membrane response, to the neural circuitry underlying that behavior. In behavioral pharmacology, the emphasis is often more on establishing time course and dosage-effect functions for more complex behaviors whose neural circuitry is typically PEELE less easily defined (i.e., anxiety, psychosis). The popularity of schedule-control techniques for assessing such behaviors is due to both the quantitative nature of these measures and the precise control over behavior offered by the experimental analysis of behavior. Clearly, the testing strategies and goals of both neurobiology and behavioral pharmacology overlap those in behavioral toxicology and should, therefore, help guide the selection of tests. In selecting methods, it should be remembered that the data from these two fields of study make up distinct bases of knowledge that can be used most easily through the judicious selection of overlapping procedures whenever possible. Although the neural basis of cognition is likely to remain cloudy for years, there are a number of animal models of higher cortical processes that can be used to determine a potential adverse effect and establish a no-observable-adverse-effect level produced by a chemical in a reliable and scientifically defensible manner.
CRITIERIA FOR TEST SELECTION
There are a number of criteria to be considered before selecting a procedure for studying learning and memory ( Table 4) . A test should be sensitive to agents known to produce learning and memory deficits. In tests designed to validate a procedure, therefore, positive and negative control compounds should be used. For instance, centrally active compounds known to alter short-term memory (e.g., scopolamine) should effectively alter the results from tests of memory, whereas peripherally only active analogs (e.g., methylscopolamine) should have little or no effect. The specificity of effects measured by the test is a particularly important consideration in determining the effects of an agent on cognitive processes. Learning and memory are hypothetical constructs that cannot be observed directly but must be inferred through changes in behavior. Changes in behavior caused by alterations in learning and memory must be distinguishable from those involving motor competence, motivational levels, sensory integrity, and other confounding factors. The test(s) selected should also be cost-effective in terms of both time and equipment.
The results from the test should be reliable, with a minimum of variability within and between experiments. The results from the test should be meaningful, allowing extrapolation from laboratory findings to humans. Obviously, this includes the need to relate the effects of a compound on learning and memory to the underlying neural circuitry.
To show how these criteria can be used to guide test selection, I would like to raise two potential concerns often voiced with respect to tests of learning and memory and show how properly designed tests can overcome them. One concern is that tests of learning and memory are too costly because of the elaborate equipment and protracted periods of time required for the training and testing of animals. Although it is true that a number of tests, such as delayed matching-to-sample, require extensive training and computer-assisted testing equipment, many other tests are not so demanding and can be carried out in a more cost-effective manner.
Long-delay flavor-aversion conditioning
One test that has been used to assess nonspatial, working memory is long-delay flavor-aversion conditioning (LD-FAC). Rats are trained and tested in their home cages by recording a behavior (fluid intake) that requires minimal motor competence (Fig. 1) Hypothetical data: relative saccharin intake or saccharin preference (saccharin intakehaccharin intake + water intake, in ml) is shown as a function of treatment. C, saline control; 0.5, 3.0, 6.0:
lithium chloride, at one of three delay values (delay value for C = 0.5).
preference for one of two aqueous stimuli, is independent of the effect of a toxicant on total intake. The fact that every species ever tested has demonstrated the ability to form flavor aversions is testimony to the generality of the phenomenon. (35) The paradigm is particularly costeffective, since it requires no elaborate equipment and typically involves a single conditioning trial. Briefly, rats are given either saline (control) or a standard compound, such as lithium chloride, after consuming a normally preferred flavor, such as saccharin. When subsequently given the choice between consuming water or saccharin, control rats prefer saccharin, whereas rats treated with lithium chloride avoid it (i.e., show a conditioned flavor aversion).
As a test of short-term memory, it is important to note that the strength of flavor-aversion conditioning is inversely related to the time interval separating saccharin availability and lithium administration. If the consequences of lithium administration are experienced when the memory of saccharin is greatest (i.e., just after consumption), evidence of conditioning is greatest. As the time separating saccharin and lithium increases, the consequences of lithium administration are less effective. This time-dependent decline in conditioning is similar to the natural decline in short-term or working memory (Fig. 2) . 36 This delay gradient can then be used to determine if chemical treatment will accelerate this function. If a treatment accelerates this normal decay of memory, the deficit should be represented by a greater attenuation of conditioning at the longer delay values (Fig. 2) . The intact aversion at the short delay shown in Figure 2 would be evidence that treatment did not alter the ability of the rat to form an association between the flavor and the consequences of lithium administration. Consequently, this evidence shows that treatment did not alter either the aversive properties of lithium or the process of learning. The fact that treatment did not alter the preference for saccharin in rats receiving saline rather than lithium during training further demonstrates the integrity of sensory and motivational factors required by the tests but ancillary to memory assessment. The results represented on the right of Figure 2 are in contrast to this finding, where no temporal dependence is demonstrated, and could be due to an inability of the treated rat to distinguish saccharin from water, a loss of lithium's ability to induce aversions, a global learning deficit, or to other nonmemorial factors. The sensitivity of LD-FAC to neural insult has been aptly demonstrated by several manipulations either known or suspected to affect memory processes. Trimethyltin, for instance, produces limbic system pathology resulting in deficits revealed in a number of tests of memory (e.g. passive avoidance,(22j radial-arm rnaze,(3") Morris water maze(37)) Similarly, trimethyltin produces a selective deficit in LD-FAC representing an acceleration of the normal loss of short-term, working memory in rat~.(~~.'9) These effects have been demonstrated in the absence of a difference from controls in either baseline saccharin preference (selection of saccharin before saline injection) or in conditioning at the short delay value. Other treatments, such as chemically and electrically elicited seizure activity,(NJ as well as aging, (41) have been shown to alter performance of this task. The simplicity, cost-effectiveness, and sensitivity of the LD-FAC procedure to neurotoxic insult make it an ideal candidate for rapidly determining if there is chemical disruption of learning and memory. The results also highlight the fact that tests of learning and memory need not be elaborate to provide useful, meaningful data.
Repeated acquisition
Another procedural problem with some tests of learning is that learning may be seen as an either-or phenomenon, making repeated testing of animals receiving chronic exposure to chemicals difficult. This may cause increased variability in the data, requiring additional animals. One solution to this problem is to devise on each experimental session a different task to be solved over successive trials. This approach describes the rationale behind development of the repeated acquisition baseline, introduced by Boren and Devine in 1968. (42) In the original demonstration, monkeys learned to press each of several response levers in a predetermined sequence that changed before each daily session. As a consequence, the effects of chemical treatments on learning could be repeatedly assessed in the same subjects within each session. Unfortunately, the repeated acquisition procedure has proved difficult to use with rats, often requiring several months of preliminary training before toxicant exposures could be initiated. 
44.)
To overcome these problems, our laboratory has developed a test of repeated acquisition using performance in the eight-arm radial maze. The maze, originally described by Olton and Samuelson,(43) was arranged with food at the distal end of each of eight arms, and the rats were trained to collect each food pellet. Accuracy (selecting a previously unselected arm) during the first eight arm selections then constituted learning. In adapting maze procedures to create a repeated acquisition paradigm, a partially baited maze paradigm was used.(") If only four of the eight arms contained food and if the particular four arms containing food changed each session, accuracy over successive within-session trials could be used to reflect learning on a daily basis in a within-subject design. As shown in Figure 3 (baseline), this is exactly what occurred. Accuracy of selection starts at roughly 50% (or chance level) and reaches asymptotic levels after 8-10 trials. This procedure can be taught to naive rats in less than 3 weeks, and the performance can be maintained indefinitely. In order to determine the sensitivity to amnestic agents, scopolamine and methylscopolamine were given 30 min before daily sessions. Scopolamine (0.3 mg/kg, i.p.) produced a reduction in both the normal rate of learning and the asymptotic level of selection accuracy. Administration of saline and methylscopolamine, which does not pass the blood-brain barrier, left accuracy of arm selections intact (data not shown). The use of both positive (scopolamine) and negative (methylscopolamine) controls provided a measure of the sensitivity and specificity of this preparation, demonstrating the ability to assess learning capacity in individual subjects on a repeated, daily basis. Experiments designed to test the impact of shortterm repeated and subchronic dosing regimens on learning, as measured by this procedure, are currently in progress.
DISCUSSION
There are n o compelling reasons to exclude tests of learning and memory from a first-tier battery. Although many chemicals that alter learning and memory also alter more apical tests, such as motor activity (Table 1) , there are insufficient data t o conclude that all chemicals affecting learning and memory will also alter primary screening tests, such as motor activity. Tests of learning and memory will provide vital information in a secondary screening or hazard characterization testing scheme designed to refine exposure regulations, particularly where these processes are affected a t concentrations lower than those causing overt pathology and t o characterize fully the neurotoxic (disease state produced by chemicals. No single test will suffice to assess learning and memory. Rather, the selection of tests should be guided by the types of questions asked and by available: knowledge accompanying those tests.
A number of issues were raised concerning the usefulness of data derived from tests of learning and memory. Simple, well-designed tests can provide meaningful information. Specificity of effects can be determined by proper use of control procedures. T h e most meaningful approach to the study of toxicant-induced alterations in learning and memory may well be to attack the problem with the numerous techniques of a multidisciplinary approach.
